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Abstract: The study aimed to evaluate the potential of incorporating biochar with poultry 

manure to address the constant challenges of sandy, loam soils due to poor water retention and 

low soil fertility, and their influence on the growth and yield of Amaranthus cruentus during 

the Rabi and Kharif seasons. The combined effect of manures on soil health over different 

seasons was unexplored, so the current research has been taken up to understand the impact of 

different treatments on physical, chemical, and microbial dynamics in the Rabi and Kharif 

seasons. Advanced statistical analysis was used to measure the soil and plant factor variations 

across seasons. Pre- and post-harvest results showed substantial progress in the soil bulk 

density, water-holding capacity (WHC), and nutrient retention in KR5 (biochar+poultry 

manure) treatment, where WHC displayed a strong positive correlation with organic matter 

(r>0.82). Even chemical analysis indicated increased soil nitrogen, phosphorus, potassium, and 

carbon levels. Metagenomic analysis implied microbial diversity and abundance promoting 

nitrogen fixation and decomposition of organic matter. FTIR and SEM also revealed structural 

improvements that are beneficial for microbial colonization and nutrient retention. The 

combination of biochar and poultry manure showed higher growth, increasing plant height by 

40 cm and yielding over 550g/m2 during the Kharif season. The results have revealed that the 

combination of biochar and poultry manure has improved soil fertility, microbial diversity, and 

yield of Amaranthus cruentus grown in sandy loam soils. 

Key words: Amaranthus cruentus; Bulk density; Water holding capacity; Nitrogen; 

Metagenomic 
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1. Introduction 

One of the crucial global challenges in today’s context is the management of agricultural 

waste, which is associated with environmental effects and complexities in disposal. Improper 

management of agricultural waste contributes to water pollution from runoff, soil degradation, 

and greenhouse gas emissions such as nitrous oxide, methane, impairing climate change, and 

depleting biodiversity (Bass et al., 2022). Recycling agricultural and wood waste not only 

manages waste disposal but also enhances soil health, decreases nutrient runoff, and improves 

agricultural resilience (Diop et al., 2022; Sinha et al., 2021; Farid et al., 2022). Despite these 

developments, there remained a pointed gap in enhancing these practices for sustainable 

agricultural productivity. Sandy loam soils are common in many regions, merging the drainage 

capacity of sandy soils with the nutrient retention of loam soils. Conversely, these soils are 

extremely vulnerable to deprivation due to insignificant water intrusion, low organic matter, 

and controlled nutrient retention (Unkovich et al., 2020; Naorem et al., 2023). These restraints 

impede microbial activity necessary for nutrient recycling and soil health, while bare sandy 

loam soils are liable to erosion, intensifying nutrient losses (Gavrilescu 2021; Siebielec et al., 

2020). These adversities are particularly obvious in semi-arid and drought-prone regions, 

where sustainable management practices are essential for maintaining ecological balance and 

soil productivity. 

Organic treatments like cow dung, vermicompost, poultry manure, and compost have been 

mostly utilized to enhance the soil fertility and activity of microorganisms (Chaudhan et al., 

2021). These materials, however, tend to decompose rapidly and are prone to leaching and 

volatilization in sandy soils, which diminishes their long-term effectiveness (He et al., 2023). 

This has led to the exploration of more stable soil treatments such as biochar, a carbon-rich 

material produced through pyrolysis of organic feedstocks under low-oxygen conditions 

(Mulinari et al., 2021; Mian et al., 2022). 

Biochar has gained major interest for its versatile application in soil remediation. Previous 

studies illustrate that adding biochar to soil improves the yields of various crops, like mung 

beans, soybeans, peas, French beans, and maize (Rondon et al., 2007; Ingold et al., 2015; 

Kumari et al., 2022). In a study, the application of biochar in Colombian savanna soil notably 

improved maize yield (Major et al., 2010). In low-fertility soils, adding biochar has improved 

bean plants' nitrogen fixation (Rondon et al., 2007; Kumari et al., 2022; Jalal et al., 2024). The 

charcoal and compost amendments have exhibited increased recovery of nitrogen compared to 

mineral fertilization on similar soil types (Steiner et al., 2008; Oladele, 2019). Moreover, 

biochar application enhanced upland rice yields in low-phosphorus availability sites in northern 
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Laos and Alfisol of Southwest Africa, and improved the response to fertilizer. In the 

Mediterranean basin, a large volume of biochar applications increased durum wheat biomass 

and yield by up to 30% over two seasons (Vaccari et al., 2011; Latini et al., 2019; Leogrande 

et al., 2024). Despite these promising results, there is a lack of extensive studies investigating 

the long-term interactions between biochar, organic amendments, and soil microbial 

communities, particularly in sandy loam soils. 

The synergistic utilization of organic treatment, like poultry manure with biochar, has 

shown the possibility of increasing soil health and crop productivity. Poultry manure is a 

nutrient-rich organic amendment that requires critical elements like nitrogen, phosphorus, and 

potassium to enhance microbial activity and nutrient availability (Adekiya et al., 2020). 

Research indicates that combining poultry manure and biochar amplifies the benefits of both 

amendments by assisting in nutrient release and improving soil structure (Rasooi et al., 2023). 

The past study confirmed that amendments such as palm kernel husk biochar with poultry 

manure, goat biochar combined with poultry manure, and plantain peel biochar, as a solution 

combination, could effectively sequester carbon, nitrogen, improve fertilizer efficiency, and 

improve productivity (Ayito et al., 2023). Though the long-term steadiness of these 

combinations and their effects on crop yield in demanding soil types like sandy loam soils 

remains unexplored. 

Sawdust, a byproduct of the wood industry, raises environmental risks when improperly 

managed, like air pollution by burning and water contamination through runoff (Adegoke et 

al., 2022). Converting sawdust into biochar through pyrolysis mitigates these risks while 

producing a stable, carbon-rich material with substantial agricultural benefits (Adesina et al., 

2022). The properties of sawdust biochar, like carbon content, pore structure, and stability, 

depend on the wood species and processing methods used.  

Our study focused on evaluating the impact of Syzygium cumini biochar on the growth, 

yield, and productivity of Amaranthus cruentus, commonly known as red amaranth. By 

incorporating Syzygium cumini biochar individually and combining it with poultry manure into 

the sandy, loam soil, we aimed to assess its influence on soil characteristics and its subsequent 

effects on the growth parameters of Amaranthus cruentus. To assess the impact of sawdust 

biochar, as well as a mixture of biochar and poultry manure amendments, on plant growth and 

yield, a pot experiment was conducted using Amaranthus cruentus as the test plant. 

Specifically, the study seeks to  

1. Evaluate the combined effect of biochar and poultry manure on the growth and yield of 

Amaranthus cruentus compared to synthetic fertilizer and unamended soils.  
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2. Examine the impact of the combination of sawdust biochar and poultry manure-based 

soil physicochemical characteristics, such as pH, organic carbon content, and nutrient 

availability.  

3. Investigate the impact of biochar and poultry manure on soil microbial biomass and 

diversity, focusing on their role in improving soil fertility.  

Though voluminous work has been carried out on biochar, these studies have overlooked 

the long-term stability and synergistic effects of the combination with organic treatments. 

Moreover, these studies are limited to the sandy loam soil, which is vulnerable to nutrient and 

water deficiency. So, these hypotheses aim to comprehensively evaluate the potential benefits 

of biochar derived from Syzygium cumini sawdust in combination with poultry manure in 

improving soil quality and supporting sustainable agricultural practices, addressing a critical 

research gap in the field. 

2. Materials and Methods 

2.1. Experimental setup and climate details 

The study was conducted on sandy loam soil collected from GITAM University's farmland, 

which had not been cultivated for four years. The pot experiments were conducted over two 

seasons, corresponding to the Rabi and Kharif cropping periods. Specifically, for the Rabi 

season, seeds were sown in early November 2023, and the harvest was completed by late April 

2024. For the Kharif season, seeding commenced in early June 2024 with harvest finalized by 

mid-October 2024. These timelines align closely with regional agricultural practices. 

Soil samples were collected from a depth of 0-20 cm at coordinates 17.7816ºN, 88.3775ºE 

in 2023. The sandy loam soil, prevalent in most of the region, was chosen due to its moderate 

water retention, ease of root penetration, and suitability for a wide range of crops, including 

Amaranthus. The seeds of Amaranthus cruentus were collected from the local market of 

Visakhapatnam. The Amaranthus crop was selected for its quick adaptability to varied soils 

and climatic conditions, as well as rapid growth and sensitivity to soil treatments.  This might 

make an ideal indicator crop for assessing treatment effects on soil fertility and plant 

productivity. The study used a complete block design (CBD) with a factorial arrangement, 

including three replicates for each treatment combination. The CBD was chosen for its spatial 

variability within the experimental setup, which is relevant to environmental factors such as 

light, temperature, and humidity. The collected soil samples were air-dried in the laboratory 

under shade, following which a 0.2 mm sieve was employed to obtain fine soil to estimate 

various soil properties. This region, situated at an altitude of 190.29 feet above sea level, 
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receives an average annual rainfall of 755 mm and has a mean temperature of 28.4⁰C. The soil 

in this farm field is classified as sandy loam. The area experiences a semitropical monsoon 

climate characterized by a distinct rainfall pattern, temperature, and humidity throughout the 

year. The average monthly rainfall ranges from a low of approximately 5 mm during the early 

months of January to April, gradually increasing as the monsoon season approaches, peaking 

at around 110 mm in September and then tapering off to about 20 mm by November. This 

pattern reflects the typical monsoon cycle, with significant precipitation concentrated in the 

middle of the year. In terms of temperature, the region exhibits notable seasonal variations. The 

mean maximum temperatures range from 28°C in November to a peak of 40°C in May. 

Similarly, the mean minimum temperatures range from a low of 18°C in November 2023 to a 

high of 27°C in May 2024 (Figure 1). These temperature fluctuations highlight the warm to 

hot conditions prevalent throughout the year, with the highest temperatures observed just 

before the onset of the monsoon rains. The relative humidity in the area also shows a moderate 

range, fluctuating between 55% in April and reaching up to 65% in September. This indicates 

a generally humid environment, with the highest humidity levels coinciding with the peak of 

the monsoon season. Overall, the climatic data highlights a typical semitropical monsoon 

climate, marked by significant rainfall during the mid-year months, high temperatures, and 

relatively consistent humidity levels. 

 

Figure 1: Monthly Trends in Temperature, Precipitation, and Humidity in a Semitropical 

Monsoon Climate. 
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2.2. Preparation for Biochar 

The sawdust from Syzygium cumini, obtained from a furniture manufacturing warehouse, 

amounted to 100 kg. The choice was due to its local availability, cost-effectiveness, and high 

lignocellulosic content. The biochar from Syzygium cumini was produced by first burning the 

sawdust in a kiln (a type of oven) for 30 minutes in the absence of oxygen, yielding 1 kg of 

biochar. Subsequently, pyrolysis was conducted for 100 hours at approximately 450°C. The 

biochar particles were sieved through a 2 mm sieve for collection. The resulting biochar was 

analyzed for its contents of carbon (C), nitrogen (N), potassium (K), phosphorus (P), hydrogen 

(H), and sulphur (S). The procedures for determining organic carbon, moisture content, and 

water holding capacity followed standard soil analysis methods 

2.3. Fourier transform infrared spectroscopy (FTIR) analysis 

The ATR-FTIR Alpha-II model spectrophotometer from Bruker was used for the analysis. 

The measurements were performed in attenuated total reflectance (ATR) mode. About 1 mg of 

ground sample was placed on the ATR crystal and compressed with a force of 100 N to ensure 

optimal transmission. Three scans were conducted for each sample, and the spectra were 

converted to absorbance units before further processing. 

2.4. Scanning Electron Microscope (SEM) Analysis 

SEM analysis was conducted using the TESCAN MIRA S6123 device model. The analysis 

employed an image strip size of 120 and a magnification of 500.1. This technique was utilized 

to examine the morphological characteristics of both the manures and the soil, providing 

insights into the topography of the soil samples. By assessing these features, the SEM analysis 

offered valuable information about the surface structures and potential interactions of the soil 

and manure, enhancing the understanding of their physical properties and effects. 

2.5. Powder X-Ray Diffraction (XRD) 

The crystalline phases of treatments KR1 to KR5 were analyzed using a Bruker DB 

Advance Powder X-Ray Diffractometer S.N.- 216730). The air-dried samples were finely 

ground using a mortar and pestle and sieved through a 75-micron mesh to ensure uniform 

particle size, and the samples were placed onto a sample holder to create a flat, even surface 

for analysis. The diffractometer was calibrated using a standard reference material, and each 

sample was scanned, and diffraction patterns were recorded.  

2.6. Treatment of Manures 

The seeds were planted in the pot bed after being enriched with manure and fertilizers. The 

pots were organized in a complete block design with five treatments, where applications were 

defined as follows: control (no manure treatment – KR1), chemical fertilizer – NPK (urea: 
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12.98g, Single Super Phosphate (SSP): 7.1g, Muriate of Potash (MP): 24.98g – KR2), biochar 

(1 kg -KR3), poultry manure (1 kg- KR4), and a combination of biochar and poultry manure 

(1 kg – KR5). The KR2, KR3, KR4, and KR5 treatments were applied to the soil twice during 

the experiment. These treatments were applied in two equal doses, half initially incorporated 

before sowing, and the remaining half applied 30 days after sowing, ensuring sustained nutrient 

release throughout plant growth. The application rates for biochar and poultry manure in this 

experiment were determined by the specific pot dimensions, which were 4 inches (10.16 cm) 

in diameter and 3 inches (7.62 cm) in height. Each pot received 1 kg of material, and when 

converted to a field equivalent rate, this corresponds to approximately 1234.6 tons per hectare 

(t/ha) based on a surface area of 0.0081 m2 per pot. This rate is significantly greater than typical 

field application rates. Biochar is usually applied at 10-30 t/ha and poultry manure at 5-20 t/ha 

(Rassem & Elzobair, 2024; Agbede et al., 2024). Such elevated rates are common in pot studies 

to ensure adequate nutrient availability within the limited soil volume and to facilitate detection 

of treatment effects under controlled conditions.  

Pot experiments have minimal nutrient loss due to small soil volume and enclosure, unlike 

field conditions, where runoff and leaching reduce nutrient use efficiency and increase 

environmental impact, necessitating lower, optimized application rates for cost-effective, 

sustainable field use (Liu et al., 2021; Rassem & Elzobair, 2024; Agbede et al., 2024). 

Biochar is a carbon-rich material whose effects on methane emissions depend on its type, 

application rate, and soil environment. Some studies indicate that high biochar rates can 

stimulate methanogenic microbes in anaerobic soil microsites, increasing methane emissions. 

However, biochar can also reduce methane by enhancing soil aeration and supporting methane-

consuming microbes (Qi et al., 2023; Samboon et al, 2024). Poultry manure harbours 

microorganisms capable of producing methane under anaerobic conditions, but emissions are 

substantially lower in aerobic soils like sandy loam due to oxygen inhibition of methanogens 

(Jeffery et al., 2016; Qi et al, 2023). Combining biochar and poultry manure with careful rate 

management can improve nutrient availability while minimizing greenhouse gas emissions 

(Liu et al., 2021;  Agbede et al., 2024).  

While the calculated application rates in this pot experiment exceed standard agricultural 

recommendations, their use is justified within controlled-pot studies designed to mimic 

improvements achievable in sandy loam soils. Practical field applications require lower, 

optimized rates to minimize cost, environmental risks, and nutrient loss while maintaining 

agronomic benefits. 

2.7. Soil and manure analysis 
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The soil sample's upper layer (0- 20 cm) was collected before being inserted into the pot; 

the plow layer was a standard depth where most of the microbial activity, root activity, and 

nutrient cycling occur. Each pot size is about 4 inches wide and 3 inches high; these dimensions 

were selected to maintain consistency, ensuring uniform soil volume and root zone for all 

treatments. The physicochemical parameters of the soil and fertilizers were analyzed 

meticulously. Soil particle composition was determined by weight, with soil samples passed 

through a series of sieves with varying aperture sizes to classify sand (0.02-2.0 mm), silt 

(0.002-0.02 mm), and clay (<0.002 mm). Bulk density was measured using a specialized metal 

core sampling cylinder of known volume. Soil moisture content was calculated gravimetrically 

by drying the soil samples to a constant weight, following the method by Misra (1968). Soil 

pH was measured using a digital pH meter, as Jackson (1958) described. Soil organic carbon 

(SOC) was determined using a titration method adapted from Walkley and Black (1934), and 

soil organic matter (SOM) content was calculated by multiplying the total organic carbon 

content by 1.72. Soil nitrogen was determined using the micro-Kjeldahl method (Peach and 

Tracy, 1958), and phosphorus was analyzed using UV-spectrophotometry, following Olsen et 

al. (1954). Potassium content was identified using a flame photometer, as per Pratt (1965). 

2.8. Metagenomic Analysis 

Metagenomic DNA extraction from soil samples was performed using the Nucleospin Soil 

Kit (MN), following the manufacturer's guidelines to ensure optimal yield and purity of DNA. 

The quality of the extracted DNA was critically assessed using a NanoDrop spectrophotometer. 

The A260/280 ratio, a key indicator of DNA purity, was measured to confirm that the samples 

were free from significant protein or phenol contamination, which could interfere with 

downstream applications. This initial quality check is essential for ensuring the reliability of 

subsequent molecular analyses. 

Following DNA extraction, the preparation of the amplicon library was carried out using 

the Nextera XT Index Kit from Illumina Inc. This kit is specifically designed for efficient 

library preparation in metagenomic studies, particularly for targeting the 16S rRNA gene, 

which is widely used for profiling bacterial communities (Quast et al., 2012). The library 

preparation process was performed according to the 16S metagenomic sequencing library 

preparation protocol, ensuring the libraries were compatible with Illumina’s sequencing 

platforms. 

Primers for amplifying the bacterial 16S rRNA gene region were custom-designed and 

synthesized by Eurofins Genomics Lab. PCR amplification was employed to amplify the 16S 

rRNA gene region from the extracted metagenomic DNA. A small aliquot of the PCR product, 
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specifically 3 µL, was resolved on a 1.2% agarose gel using electrophoresis at 120V for 

approximately 60 minutes. This step was essential for verifying the size and integrity of the 

amplified DNA fragments. The gel electrophoresis allowed for the visualization of the PCR 

products, confirming that the amplification had produced the expected amplicon size, which is 

indicative of successful target amplification (FastQC). 

The amplified DNA libraries were subsequently subjected to quality control analysis using 

the 4200 TapeStation System from Agilent Technologies. The TapeStation analysis, conducted 

with D1000 ScreenTape, provided a detailed profile of the library sizes, with the mean peak 

size being a critical parameter. This information was used to determine the appropriate 

concentration for loading the libraries onto the sequencing platform, ensuring optimal cluster 

generation during sequencing. 

The libraries were then loaded onto the Illumina MiSeq platform for paired-end 

sequencing. Paired-end sequencing is a powerful technique that allows each DNA fragment to 

be sequenced from both ends (Bolger et al., 2014), providing more comprehensive coverage 

and higher accuracy in identifying and classifying bacterial species. The libraries were bound 

to complementary adapter oligonucleotides on a paired-end flow cell during sequencing. These 

adapters were specially designed to enable selective cleavage of the forward strand, allowing 

for the reverse strand's re-synthesis and subsequent sequencing. 

This strategy ensures that both strands of the DNA fragments are sequenced, enhancing 

the accuracy and depth of the metagenomic analysis (Estaki et al., 2020). The resulting 

sequence data provided a detailed overview of the microbial communities present in the soil 

samples, offering insights into the diversity and composition of bacteria within the 

metagenome. Through this meticulous process of DNA extraction, library preparation, and 

sequencing, the study aimed to reveal the microbial dynamics in soil, contributing valuable 

knowledge to metagenomics and environmental microbiology. 

2.9. Plant growth and yield Parameters 

2.9.1. Plant height 

The plant height was recorded from the root zone to the tip of the leaf at intervals of 15, 

30, 45, and 60 days. The average height of the plants was calculated in centimetres, with 

measurements taken from five plants per pot (Ono et al. 2013). This systematic approach 

ensured accurate growth tracking over the specified periods, allowing for a comprehensive 

assessment of plant development in response to the different treatments applied. 

2.9.2. Yield Parameters 
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Following the harvest, the fresh mass of plants of Amaranthus cruentus was measured 

for each pot and converted into total yield expressed in grams/square meter (Ulianych et al. 

2020). 

2.10. Statistical analysis 

Statistical analysis examined soil and plant factor variations across distinct seasons 

(Rabi and Kharif) and phases (preharvest and post-harvest). Here, one-way analysis of variance 

(ANOVA) was used to determine the statistically significant differences between the groups. 

Where ANOVA indicated significant differences (p<0.05), Tukey’s Honestly Significant 

Difference (HSD) test was applied for mean separation to identify specific group differences, 

ensuring consistent interpretation of multiple comparisons (Zar 1999). 

Complementary to ANOVA, the non-parametric Kruskal-Wallis test was used to 

analyze medians when data deviated from normality, providing robust results (McDonald 

2014). Effect sizes were quantified using eta-squared (ƞ-squared) to represent the proportion 

of variance attributed to the independent variable (Cohen 1988). 

All analyses were conducted using MATLAB with the Statistics and Machine Learning 

Toolbox (MathWorks Documentation). Pearson Correlation Coefficient was employed to 

determine correlations among physical, chemical, and bacterial phylum contributions to the 

enrichment of sandy loam soils. 

 

3. Results 

3.1. Physicochemical Parameters of Soil and Manure 

The study has been conducted to analyze the selected soil's physical parameters, essential 

for the growth of the selected crop, Amaranthus cruentus. Before sowing seeds into the pot, 

the soil and manure analysis (Table 1) was carried out, as shown in Figure 2. During the Rabi 

season of preharvest, the bulk density of sandy loam soil showed 1.236 ± 0.05 g/cc in the 

control, whereas with manures, it ranged from 0.161±0.01 to 0.07966±0.003 g/cc. After the 

addition of manures to the soil and after the growth and yield of the crop, when the soil was 

analyzed, there was a reduction in the bulk density was noticed with a range of 0.15 ± 0.01 to 

0.976 ± 0.11, though very little change was noticed in the case of control (1.1733 ± 0.055). 

Similar trends have also been observed in the Kharif season, with control posing a high bulk 

density compared to other manure addition soils with low bulk density values. A strong 

negative correlation has been noticed with Proteobacteria (r=-0.6232) and Firmicutes (r=-

0.887), indicating that compacted soils will hinder the activity of microbes due to less pore 
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space and aeration. In both seasons, adding biochar + poultry manure has decreased the bulk 

density of the soil. 

Table 1 Physicochemical properties of different manures (mean ± standard deviation). 

S. 

No. 

Parameter Chemical 

(KR2) 

Biochar 

(KR3) 

Poultry 

Manure 

(KR4) 

Biochar + 

Poultry 

Manure 

(KR5) 

1 Moisture (%) 0.41±0.09 38.7±4.77 17.1±2.02 46.3±7.27 

2 Water Holding 

Capacity (%) 

12.33±2.37 45.56±3.85 52.43±3.89 65.63±6.92 

3 Bulk Density 

(g/cm²) 

0.164±0.015 0.08766±0.011 0.0948±0.011 0.0796±0.003 

4 pH 10.17±1.30 9.23±0.41 7.3±0.53 7.76±0.35 

5 Total Organic 

carbon (%) 

0.15±0.05 2.1±0.109 1.73±0.11 1.93±0.095 

6 Organic Matter 

(%) 

0.0254±0.008 0.36±0.03 0.304±0.06 0.332±0.043 

7 Nitrogen (N) (%) 2.97±0.093 2.46±0.07 2.87±0.11 3.53±0.19 

8 Phosphorus (P) 

(%) 

17.83±3.35 0.0233±0.066 1.81±0.092 2.22±0.18 

9 Potassium (K) (%) 53.33±8.02 4.73±0.85 2.73±0.09 9.53±1.80 

10 Carbon (%) 0.66±0.01 81.2±16.22 61.26±9.0003 93.16±24.39 

11 Oxygen (O) (%) 0.21±0.85 7.08±2.16 6.67±2.44 8.59±1.63 

12 Sulphur (S) (%) 0.13±0.02 0.27±0.04 0.386±0.06 0.53±0.07 

13 Hydrogen (H) (%) 0.61±0.065 3.70±0.20 2.51±0.091 4.26±0.25 

14 H/C ratio (%) 0.23±0.03 0.36±0.04 0.36±0.03 0.53±0.05 

15 O/C ration (%) 0.13±0.01 0.163±0.025 0.173±0.25 0.210.01 

 

The characteristic sandy loam soil typically exhibits low moisture content. Soil moisture 

measurements during the study showed the control had the lowest moisture levels, which 

gradually increased with the addition of manure across both the Rabi and Kharif seasons. The 

combined biochar + poultry manure treatment demonstrated significantly higher soil moisture 

levels compared to other manure treatments (Figure 2). One-way ANOVA revealed significant 

differences (p < 0.05) in soil moisture and water holding capacity (WHC) among treatments in 

both seasons, and post hoc analysis using Tukey’s Honest Significant Difference (HSD) test 

indicated that biochar + poultry manure significantly improved moisture retention compared to 

the control and other manure treatments. Given that some data deviated from normality, the 

Kruskal-Wallis test was also applied and confirmed the significant treatment effects on 

moisture content and WHC. Our tests confirmed the challenging water retention in sandy soils 

but showed that manure applications, particularly biochar + poultry manure, enhanced WHC, 

with this treatment recording the highest values in both seasons Strong positive correlations 
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existed between WHC and total organic carbon (TOC) in both seasons (r = 0.83 in Rabi and r 

= 0.84 in Kharif), indicating that higher organic matter content improves water retention. 

Additionally, WHC correlated positively with Proteobacteria abundance, suggesting soils with 

greater water content support the growth of nitrogen-fixing microbes. The correlation between 

seasons was high (r = 0.997), indicating consistent WHC across seasonal variations. 

 

 
Figure 2: The analysis of physical parameters in two seasons by the application of different 

treatments. 

Figure 3 provides the assessment of different chemical parameters of soil in two different 

seasons (Kharif and Rabi) by the application of different treatments from KR1 to KR5. One of 

the essential characteristics of the soil is the analysis of total organic carbon (TOC). During 

Kharif and Rabi's post-harvest seasons, the TOC range is from 0.15 to 2.88 %. From all the 

treatments, KR5 has shown the highest levels of TOC post-harvest of Kharif with 2.88%, 

compared to KR2, which has the lowest levels of 0.152%. This indicates that the treatment 

KR5 effectively retains the soil's organic carbon, enriching the organic inputs that limit carbon 

loss. Similarly, organic matter also plays an important role in improving soil health, indicating 

water retention, and increases the availability of nutrients and soil structure; the organic matter 

is in the range of 0.02 to 0.428%. The post-treatment of Kharif with KR3 treatment has shown 

0.42%, which indicates the treatment has been providing a good source of organic matter to the 

soil. 

The hydrogen percentage was determined to understand the decomposition of microbes in 

the soil and nutrient cycling. The content of hydrogen (H%) varied from 0.51% in treatment 

KR1 to 4.56% in KR5. The lower levels of hydrogen percent were probably identified in KR1 

and KR2, which might be due to less availability of organic matter, which interferes with the 

bacterial decomposition rate to release the hydrogen. Similarly, the sulphur content in the soil 

improves soil fertility and the synthesis of plant protein; in the present study, the sulphur 

content is in the range of 0.04 % to 0.62%. Here, the treatment of KR5 also showed a high 
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percentage of sulphur, whereas KR1 and KR2 had less, indicating that many nutrients were 

unavailable. 

Even though the hydrogen-carbon ratio is an important factor in the soil, a high ratio of 

hydrogen carbon indicates the fresh input of sources, and a lower ratio indicates more 

decomposed matter; the ratio ranges from 0.2% to 0.58%. Post-harvest of Rabi and Kharif has 

shown a high H/C ratio, with KR5 showing higher values reflecting more decomposed material 

in the soil profile. Similarly, the oxygen and carbon ratio has shown significant improvement 

in the treatment of KR5 (Figure 3). The seasonal variations of two crops (Rabi and Kharif) 

notably showed improvement in soil characteristics due to the addition of the manures, whereas 

the KR5 treatment showed superior results. 

 

Figure 3: The analysis of chemical parameters in two seasons by the application of different 

treatments. 

The complete dataset included a detailed analysis of six major chemical parameters critical for 

soil nutrient enhancement: pH, Nitrogen (N), Potassium (K), Phosphorus (P), Carbon (C), and 

Oxygen (O) across five treatments in two seasons (Figure 4). Initial measurements before 

sowing established baseline soil and manure characteristics, showing control soil pH, while 

chemical fertilizers and organic manures ranged from neutral to alkaline. Post-harvest soil 

analysis of Rabi and Kharif seasons revealed that KR2 and KR3 treatments exhibited higher 

alkalinity compared to other treatments. One-way ANOVA demonstrated significant 

differences (p < 0.05) in nitrogen content among treatments, further clarified by Tukey’s 

Honest Significant Difference (HSD) post hoc test, which revealed KR5 retained higher 

nitrogen, notably with a 7.9% increase over control in the Kharif post-harvest. For data that did 

not meet ANOVA assumptions, the Kruskal-Wallis test was employed to confirm significant 
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differences. Additionally, nitrogen levels in both seasons correlated positively with 

Proteobacteria abundance (r = 0.6785 in Rabi, r = 0.9123 in Kharif), emphasizing nitrogen's 

essential role in promoting bacterial growth. Phosphorus levels in KR1 are very limited due to 

the sandy, loam soil nature, but after the addition of synthetic fertilizers and organic manures, 

the percentage of phosphorus has improved to 16.3 % in KR5. The trend of potassium levels 

was quite different in both the Rabi and Kharif seasons. Initial application of KR2 has provided 

good retention in the soil after the post-harvest of Rabi, but due to the sandy, loam nature of 

the soil, the content of potassium was reduced in the post-Kharif season. The addition of 

organic manure to the soil slowly increased the percentage of potassium, which showed the 

highest in KR5. The carbon content was also exhibited to be higher in the organic amendments 

(KR3, KR4, and KR5), with KR5 showing the highest rate, which might be due to the 

synergetic effect of the combination of poultry manure and biochar, whereas KR1 and KR2 

remained at low levels. A similar trend has been observed with the oxygen levels of KR3, KR4, 

and KR5 in the post-analysis of Kharif, credited to the progressed soil structure and aeration 

by the organic treatments. Seasonal variation has shown an improvement in chemical 

characteristics after the post-analysis of Rabi and Kharif, with post-Kharif indicating a higher 

nutrient availability might be due to the warmer climate promoting the activity of the microbes 

and the decomposition of organic matter. In all the treatments, KR5 has shown a significant 

treatment to improve the quality of the sandy loam soil compared to other treatments. The 

semitropical monsoon climate with distinct wet and dry seasons, high temperatures, and 

variable humidity may influence biochar and poultry manure efficacy. Biochar’s porous 

structure can enhance water retention during droughts, while combined amendments improve 

nutrient retention during intense rains, buffering soil quality against climatic variability. 
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Figure 4: The analysis of chemical parameters in two seasons by the application of different 

treatments. 

3.2. Fourier Transform Infrared Spectroscopy (FTIR) Assessment 

The FTIR analysis was conducted on the treatments of KR1 to KR5 to identify the 

functional groups present in these treatments to understand their chemical complexity and 

potential to improve sandy loam soils. The treatments have shown several peaks corresponding 

to functional groups significantly related to physical and chemical characteristics. The peak at 

1604 cm-3 indicates the N-H stretch of amines and amides, indicating the presence of nitrogen 

compounds, which is a critical indicator of releasing a steady nitrogen source to the soil. The 

1404 cm-3 peak indicates the presence of carboxylic acids (O-H) in the KR5 (Figure 5) have 

the ability to improve the cation exchange capacity of sandy loam soil; the enhancement of 

CEC in soils improves the retention of nutrients such as potassium, calcium, and magnesium. 

The peak at 1332 cm-1 determines the presence of the nitro group (NO3), which implies nitrate 

assistance to the soil. One of the major macronutrients is required by plants for good growth; 

this peak indicates that the manure is our nitrate basin, which enhances plant growth and 

productivity. The functional groups of P=O (phosphine oxides), C-N (amines), and C-O 

(alcohol and anhydrides) at 1166 cm-1 peak show a distinct composition; these groups help in 

upgrading the activity of microbes and organic matter, as alcohols and amines provide an 

energy source for the soil microbes. The 1021 cm-1 peak has been found in all treatments, 

indicating the C-O alcohols and anhydrides. C-O-C stretching (ethers) and C-F stretching (alkyl 

halides). Influencing the formation of organic matter, which is very important to sandy loam 

soils that lack the natural organic content. The identified groups of these treatments provide the 

essential components such as nitrogen, phosphorus, and carbon, thereby improving the soil 

parameters to increase the crop yield. 
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Figure 5: The FTIR analysis of different treatments of KR1 to KR5. 
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3.3. Scanning Electron Microscopy (SEM) Assessment 

The morphology and elemental composition changes observed through SEM-EDX 

highlight the transformative effects of different amendments on sandy, loam soils, emphasizing 

their mechanical and biochemical significance. KR1 demonstrates a baseline composition with 

limited nutrient enrichment and high levels of titanium and iron, indicative of minimal organic 

interaction, representing a compact structure with dense and irregular, it comprises a granular 

and rough texture, which indicates the limited porosity that might be able to retain water in the 

soil. Though KR2 shows a moderate increase in macronutrients like nitrogen and potassium, it 

is deficient in organic carbon enrichment, and there is a visibility of flaky structures, which 

show some porosity (Figure 6). There is a potential increase of carbon content (83.94%), 

highlighting the potential to enhance soil organic matter, and the morphology of KR3 appeared 

as a honeycomb, indicating a very good source of porosity, colonization of microbes, and water 

retention; thus, improving water holding capacity of the soil, which in general shows high 

transpiration of sandy loam soils. The amendment KR4 indicates a balanced improvement in 

nutrients such as magnesium, calcium, organic carbon invading microbial activity, and nutrient 

cycling, and the surface appeared to be rough with small pores, which could be the possibility 

of intermediate porosity and nutrient retention. The combination of biochar and poultry manure 

(KR5) with a significant increase of oxygen (40.0%), carbon (47.51%), and silicon (7.91%), 

showing enhanced water retention, and the morphological structure describes nutrient retention 

and activity of microbes in the sandy loam soils. 

 

Figure 6: SEM and SEM EDX Analysis of different treatments of KR1 to KR5. 

3.4. Powder X-Ray Diffraction (XRD) Assessment 
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The XRD (Figure 7) graph illustrates the crystalline phases in all the treatments, KR1 to 

KR5. The X-axis represents the diffraction angle, indicating specific crystalline compounds, 

while the Y-axis shows diffraction intensity proportional to phase abundance. As it is clearly 

noted that KR1 shows peaks at ~26.6º and ~20.9º, likely SiO2 (quartz), with smaller peaks 

(~12º, ~36º, and ~50º) indicating feldspars or silicate minerals. KR2 showed a peak at ~29.4º 

and a broad peak (~18º, ~32º) linked with ammonium nitrate or nitrogen-based compounds 

(Figure 7), highlighting fertilizer crystalline structure, whereas KR3 exhibits a broader peak 

(~25º) for amorphous carbon and KR4 indicating peaks at ~31.7º, ~45º for the presence of 

hydroxyapatite and ~23º and ~35º for phosphate or carbonate minters, reflecting nutrient rich 

manures. Finally, KR 5 shows peaks close to ~25º indicating amorphous carbon, and ~31.7º & 

~45º showing the presence of hydroxyapatite, retaining soil quality and silicates at ~20.9º, 

~26.6º & ~50º; this analysis highlights the mineralogical impact of individual treatments and 

their synergistic effects on soil. 

 

 

Figure 7: Displays the analysis of different treatments of KR1 to KR5 through XRD. 
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3.5. Metagenomic Assessment 

The metagenomic analysis has clearly stated that the KR 5 treatment has enhanced the soil 

bacterial community, that are very important for nitrogen availability and cycling, leading to 

soil fertility. The treatment KR5 has described the highest microbial diversity and abundance 

among all the treatments, with a proper distribution of the main phyla like Proteobacteria, 

Actinobacteria, Firmicutes, and Chloroflexi. These bacterial groups are essential for nitrogen 

fixation, nitrification, and decomposition of organic matter, which precisely enhance the soil's 

nitrogen levels. The combination of biochar and poultry manure in KR5 has created optimum 

conditions for bacterial colonization due to the presence of nutrients and a stable habitat for 

microbes due to the porous nature of biochar. The synergistic impact increased microbial 

activity and enhanced the availability and retention of nutrients in the soil for a very long time. 

In the case of KR1, due to a lack of amendments, it showed the lowest microbial abundance, 

and the synthetic treatment (KR2) also indicated less bacterial diversity. Even KR3 and KR4 

also showed bacterial diversity, but KR5 showed robust and diverse microbial dynamics. The 

presence of Proteobacteria and Firmicutes phyla shows the increased nitrogen-transforming 

bacteria, which boosts the nitrogen cycling process compared to other treatments. Moreover, 

biochar in KR5 sustains microbial activity (Figure 8), which might improve soil structure by 

combining it with poultry manure. This treatment illustrates an integrated approach to soil 

management for sustainable agriculture. 

 

 

Figure 8: Representation of Bacterial Abundance in the treatments of KR1 to KR5. 

3.6. Growth and Yield Parameters 
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Figure 9 demonstrates the effect of different soil amendments on the plant height of 

Amaranthus cruentus at different stages (15, 30, 45, and 60 days after sowing) during the Rabi 

and Kharif seasons. Plant height was measured in centimetres, where KR5 has shown improved 

height compared to other treatments. At its initial state (15 DAS), KR5 showed an advantage 

when evaluated with other amendments, possibly due to improved soil structure and nutrient 

availability. As the growth progressed towards 30 DAS, the stage clearly gave a distinction 

between organic and synthetic inputs, but the performance of KR5 might be due to the 

synergistic effects of biochar to retain moisture and nutrients, and poultry manure providing a 

steady supply of organic nitrogen and other required elements. Growth improvement was 

observed at 45 DAS and harvest (60 DAS), the plant height reaching 40 cm in the Kharif 

season, highlighting the organic supplement of KR5 (Figure 10). Other treatments, such as 

KR4, KR3, and KR2, also showed improvement, but less than KR5. The study also showed the 

yield of the Amaranthus cruentus crop, which significantly showed a higher rate in the KR5 

treatment in both Rabi and Kharif seasons (Figure 11), with its performance in the Kharif 

season superior to that in Rabi, likely due to more favourable climatic conditions, such as high 

moisture availability and temperature during the Kharif season. The yield of KR5 exceeds 550 

grams per square meter, making it the most efficient treatment. KR4 and KR3 also determined 

substantially better yields than KR1 and KR2, emphasizing the benefits of organic treatments 

enhancing soil fertility and microbial activity, which directly influences plant growth and 

productivity.  

 

Figure 9: Representation of plant height in both Rabi and Kharif seasons in treatments of 

KR1 to KR5. 
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Figure 10: Illustrates the growth of Amaranthus cruentus on different days and at harvest. 

 

Figure 11: The 3D plot of Amaranthus Yield in both Rabi and Kharif Seasons in treatments 

of KR1 to KR5. 

 

4. Discussion 

4.1. Physicochemical Characteristics of Soil 

The current research explores the combination of biochar from Syzigium cumin sawdust 

and poultry manure, which can improve the physical properties of sandy loam soil, a 

challenging medium for agriculture due to its weak retention of water and high bulk density. 

The treatments were assessed to evaluate their effects on soil quality, reduce pollutants (Sahu 

et al., 2022; Lieu et al., 2020), and the growth of Amaranthus cruentus. Due to the coarse 
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texture of sandy loam soil, with large particles that easily drain water quickly and hold fewer 

nutrients. High bulk density often signifies compacted soil, which inhibits root growth and less 

water infiltration, but after the addition of organic amendments, a reduction was observed. This 

could be due to the porous nature of biochar, which might create air pockets in the soil, and 

organic matter in the poultry manure improves soil aggregation (Are et al. 2017). After the crop 

harvest, the bulk density was lower in the amended soils compared to KR1. The reduction in 

bulk density observed in our study aligns with previous research, which reported that organic 

amendments improve soil porosity and reduce compaction, making it feasible for microbial 

activity (Agbeshie et al., 2020; Arshad and Mansoor, 2023). The strong negative correlation 

with Firmicutes and Proteobacteria mirrors earlier research (Hou et al., 2019), exhibiting that 

those packed soils limit the diversity of microbes due to low aeration. An additional crucial 

improvement identified is the retention of water; in general, sandy loam soil struggles to hold 

water due to its large pore size, which leads to fast drying; however, the KR2 addition of organic 

amendments has enhanced soil moisture in both the Rabi and Kharif seasons, particularly with 

the combination of biochar and poultry manure. Our study, associated with (Ibrahimi & 

Alghamdi, 2022), emphasizes that biochar efficacy in retaining moisture enhances water 

retention in sandy loam soils. The microporous biochar structure acts like a sponge, holding 

water, and poultry manure retains organic matter, which retains moisture. This water retention 

helps provide sufficient moisture content for crop growth, reducing the stress of irregular 

watering as studied by Osman et al. (2022). Better soil promotes healthier root development, 

efficient nutrient uptake, and increased crop productivity. 

One of the characteristics that maintains soil health is total organic carbon, which impacts 

the ability of the soil to retain moisture and nutrients. In general, soil organic carbon ranges 

from 0.15% to 3.0% (Labaz et al., 2024); in the current study, the levels of TOC ranged from 

0.15% to 2.88%, which were found after the post-harvest of the Kharif season of KR5 

treatment. This improvement might be due to the combined effect of biochar and poultry 

manure, which improves organic carbon in the soil while reducing the carbon losses through 

microbial respiration. Biochar exhibits high carbon content, and poultry manure helps in the 

degradation of organic material, which leads to the maintenance of TOC in sandy loam soils 

(Song et al., 2023). It was clearly identified that the presence of TOC is higher in KR3, which 

supports the idea that biochar application tends to improve the carbon content in the soils due 

to microbial activity (Li et al. 2024). The application of KR3 and KR5 has improved the TOC 

in the soil, which was previously demonstrated by the findings of Morash et al., 2024, leading 

to improved soil health and sustainability. The strong positive correlation between WHC, TOC, 

ARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

 

and microbial activity supports earlier insights (Shabir et al., 2023) that organic carbon is 

crucial for the proliferation of microbes and the fixation of nitrogen. Even major studies 

revealed that the addition of organic treatments not only enriches the soil but also improves 

plant growth (Su et al., 2022; Sarangi et al., 2023); the same has been noticed in our work with 

the improved plant growth and yield of the Amaranthus cruentus crop. 

The dynamics of hydrogen and sulphur play an important role in soil enrichment and plant 

growth. As hydrogen serves as an indicator of the activity of microorganisms and the 

decomposition of organic matter. The lower hydrogen levels might indicate less microbial 

colonization with low hydrogen release, whereas the high hydrogen levels in KR5 clearly 

indicate the decomposition of organic matter by microbes that has been related to the study of 

Wu et al., (2018), emphasizing the potential of hydrogen in the rate of decomposition that 

clearly identified in our study which was facilitated by biochar and poultry manure. Even 

sulphur has shown a similar trend, exhibiting low in KR1 and KR2 and high in KR5, likely due 

to the action of sulphur reduction bacteria, which even increases the hydrogen levels, thereby 

increasing the pH registered; a similar study has been carried out by Jayalath et al. (2016. 

Hydrogen-to-carbon and Oxygen-to-carbon ratios also play a valuable role in considering the 

degree of organic decomposition. A higher hydrogen to carbon (H/C) ratio might indicate the 

fresh organic introduction or retention in a longer time, as in KR5, while a lower ratio indicates 

more decomposed material found in KR1, as reported by Wu et al., 2018. Similarly, the oxygen-

to-carbon ratio also showed a similar trend in the KR5-treated soils. 

The study also focused on the availability of macronutrients such as nitrogen, phosphorus, 

and potassium, which play an important role in the growth and development of plants. The 

percentage of nitrogen has shown a significant increase in the post-harvest of Kharif in KR5, 

with 25% higher than that of the initial analysis. This might be due to the slow release of 

nitrogen from the organic treatments from KR5, which reduces the leaching of nitrogen, as it 

is believed to be a general issue with the texture of the sandy loam soils. Similar studies were 

carried out by Hadroug et al., 2019. The positive correlation with the Proteobacteria (r=0.6785 

in Rabi and r=0.9123 in Kharif) could be the presence of nitrogen-fixing bacteria, which might 

enhance the nitrogen levels in the soil, where the findings have been related to Dai et al. 2017 

Liu et al., 2020. According to (Gwenzi et al. 2018, Marcińczyk & Oleszczuk 2022), the 

tendency of the biochar to adsorb and release nutrients steadily was also found in our study 

when it was mixed with poultry manure. Initially, the level of phosphorus was limited due to 

the nature of sandy loam soils, but it improved and recorded the highest in KR5 with 16.3% 

post-Kharif season, probably due to improved phosphorus binding capacity with the biochar 
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and the nutrient-rich characteristic of poultry manure (Lustosa Filho et al., 2019; Luostarinen 

et al., 2020). There was a variation in the trend of potassium levels noticed in both the Rabi 

and Kharif seasons. In all treatments, KR2 has shown high retention of potassium levels but 

was found to be gradually reduced at post-Kharif season; this might be due to the leaching 

propensity of sandy soils (Wulff et al. 1998). However, a significant increase was noticed in 

KR5 treatment, showing the highest levels among all treatments of the post-Kharif season; this 

enhancement can be credited to the synergistic effects of poultry manure and biochar 

combination, which reduced the potassium leaching and improved its retention in the soil 

matrix. A set of environmental factors also determines the availability of nutrients in the soil, 

and the growth of microbes, and their activity also depends on climatic characteristics. The 

temperature fluctuations influenced the activity of microbes in the soil (Curiel Yuste et al., 

2007; Zhang et al., 2023), which helped in nutrient retention; the warmer temperatures 

promoted good growth of microbes in the soil, making the decomposition of organic matter 

faster, leading to the availability of nutrients and better crop yield. But in Rabi, slower 

microbial activity has been displayed, which reflected the influence of the temperature on the 

biological process of soil, resulting in less nutrient retention. KR5 has consistently shown better 

results compared to other treatments in these two seasons.  

pH plays a vital role in the availability of nutrients at various treatments, before treating 

the soil with the treatments, the pH has shown basic to slightly alkaline, but after harvest in the 

case of KR2 and KR3, there has been inclined towards alkalinity; however, KR5 has 

maintained a balanced pH which might show an optimal condition for microbial activity and 

nutrient retention.  

The long-term application of biochar and poultry manure typically results in sustained or 

progressively improved soil fertility over several seasons. Biochar’s stable carbon structure 

enhances soil organic carbon, water retention, and microbial habitat, which cumulatively 

improve soil physical and chemical characteristics. Poultry manure contributes essential 

nutrients and organic matter that slowly mineralize, maintaining nutrient availability. Studies 

show that combined use reduces bulk density, increases porosity and nutrient levels, and 

supports ongoing crop productivity. While benefits may plateau, these amendments generally 

prevent fertility decline and promote sustainable soil health in the long term (Agbede & 

Oyewumi, 2023) 

4.2. FTIR, SEM-EDX &XRD Assessment 

The FTIR (Figure 5) analysis of different treatments of the present study (KR1 to KR5) 

projects an advanced chemical profile showing their capacity to improve the physicochemical 
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properties of sandy loam soils, which are often considered to have low organic content and less 

nutrient retention. N-H stretching of amines and amides clearly indicates the nitrogen, which 

has a direct impact on chlorophyll synthesis, metabolic pathways, and protein formation; the 

treatments help in minimal loss through leaching (Bamdad et al., 2022; Sharma et al., 2022), 

which is further complimented by the 1332 cm-1 peak, which highlights the bioavailable of 

nitrogen (Luo et al., 2018). The presence of carboxylic acid (O-H) might enhance the soil cation 

exchange capacity, which makes retaining cations such as calcium, magnesium, and potassium 

play an important role in the plant cell's osmotic regulation and enzymatic activity (Adeleke et 

al., 2017). The presence of phosphine oxides (P=O) indicates that one of the macronutrients, 

phosphorus, is available for energy transfer and root development. This group could also 

facilitate the bioavailability of the phosphorus pool, assisting microbial activity and crop 

productivity (Dao 2011). The presence of C-O-C in the treatment indicates an increase in 

organic matter. Organic matter is essential for sandy loam soils, which enhances water holding 

capacity, aeration, and aggregation, further improves energy substrates for soil microbes 

driving nutrient mineralization, and enhances the soil ecosystem (Gupta & Germida, 2015; 

Bashir et al., 2021), increasing soil structure and nutrient dynamics. Similarly, the surface 

morphology and porosity (Figure 6) of the treatments KR1 to KR5 determine their efficacy in 

the retention of nutrients and colonization of microbes in sandy loam soils (Ismail 2013; Wong 

& Ogbonnaya 2021; Asadu et al., 2024). Even the elemental composition of the KR5 sample 

has shown better results when analysed through EDX (Figure 6) and could be in a position to 

boost the soil. Although it has been studied previously that manures are always a provider to 

improve soil health, our study correlates with (Chadwick et al., 2015), indicating that these 

elements, when combined with the deficient concentration of existing elements, improve the 

quality and enhance crop growth. Secondly, the presence of these phyla, Proteobacteria, 

Actinobacteria, Firmicutes, and Chloroflexi, also improves soil health and quality, favouring 

plant growth, as our findings were associated with (Lisuma et al., 2020; Deng et al., 2023). In 

our study, the porosity of the honey web structure in KR3 offers microbial colonization due to 

porous surface area, which improves microbial activity and nutrient mineralization, and KR5, 

which exhibits a flake-like structure that increases soil aggregation, clearly showing the growth 

and yield parameters of the Amaranthus cruentus crop. The XRD (Figure 7) data clearly stated 

the presence of the crystalline structure of KR1 and the amorphous nature of other treatments 

like KR3. The synergistic impact of KR5 is also clearly noted, which is essential for managing 

these soils. Further enhancement of nutrients and the synergistic impact on soil using the 
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developed materials shows comparable and higher benefits with existing developments, which 

are summarized in Table 2. 

Table 2. Evaluation of soil Texture changes induced by biochar and manure treatment: 

Observations from Recent studies. 

Study Treatment 

Studies 

Soil Type Findings Comparison with the 

current study 

Tao et al., 

2024 

Biochar and 

different 

amendments 

Paddy soils Improved 

organic carbon, 

increased soil 

pH, and reduced 

heavy metal 

absorption. 

Our study explores the 

seasonal impacts (Rabi and 

Kharif), nitrogen retention, 

with microbial distribution. 

Ahmed et 

al., 2016 

Impact of 

biochar  

Sandy 

subsoil 

Increase in water 

holding capacity 

Our study highlighted the 

use of SEM-EDX-based 

changes due to the addition 

of manure. 

Hu et al., 

2024 

Biochar and 

Pig Manure 

Light loamy 

fluvo-aquic 

soil 

Regulation of 

soil pH and 

nutrient 

availability 

Our study correlated the 

major phyla 

Proteobacteria, 

Actinobacteria, Firmicutes, 

and Chloroflexi with 

nutrient availability. 

Singh et 

al., 2022 

Biochar 

(Hardwood 

and 

Softwood) 

Semi-arid 

soils 

Decreased bulk 

density and 

increased water 

capacity 

Synergetic impact of 

biochar and poultry manure 

on improving bulk density, 

moisture content, and water 

holding capacity 

Okebalama 

et al., 2023 

Rice Biochar Semi-arid 

regions 

Carbon and 

Nitrogen 

sequestration 

Unique microbial analysis 

and seasonal soil treatment 

interaction have not been 

deeply explored in previous 

studies. 

 

4.3. Metagenomic Assessment 

Microbial communities have an interesting role in nutrient cycling, particularly in nitrogen 

dynamics (Niu et al., 2021; Zhou et al., 2023). The treated KR5 (biochar + poultry manure) 

created a conducive environment for the soil microbial colonization and activity. 

Proteobacteria, Actinobacteria, Firmicutes, and Chloroflexi have improved nitrogen 

availability and soil fertility, supporting plant growth (Kumar et al., 2024). In particular, 

Proteobacteria contain nitrogen-fixing genera such as Rhizobiales, which convert atmospheric 

nitrogen (N2) to plant-available ammonia (NH3) via the nitrogenase enzyme, while other 

members participate in key nitrogen cycling pathways, including assimilatory and 

dissimilatory nitrate reduction, nitrification, and denitrification, using genes like nasA, nirA, 
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narG, nirK, nosZ (Li & Cupples 2021). Firmicutes contribute primarily to organic matter 

decomposition and are involved in denitrification, aiding nutrient turnover (Li et al., 2020; Yin 

et al., 2025). Actinobacteria play a role in mineralization and decomposition of organic 

materials, while Chloroflexi assist in recycling organic carbon and nitrogen, enhancing nutrient 

retention and cycling (Li et al., 2025; Liang et al., 2024). 

Similar phyla have been observed in the present study, where Proteobacteria and 

Firmicutes with higher percentages might contribute to nitrogen cycling pathways such as 

ammonification, nitrification, and denitrification. The percentage of these phyla has varied 

from KR1 to KR5, where the presence of Proteobacteria and Firmicutes indicates the nitrogen 

cycling process. The presence of nitrogen-fixing bacteria such as Rhizobiales within 

Proteobacteria and nitrifying bacteria like Nitrosomonadaceae improves the nitrogen facility 

in the soil (Li et al., 2020; Hayatsu et al., 2021), converting atmospheric nitrogen to available 

nitrogen for plant growth. The amendments KR5 (biochar + poultry manure) promote these 

mechanisms by supplying both a porous microhabitat and organic substrates, which facilitate 

microbial colonization, provide energy sources, and create a stable habitat for enzymatic 

activity. Biochar enhances air and water retention and adsorbs nutrients to reduce leaching 

while poultry manure supplies organic nitrogen and carbon (Bohara et al., 2019; International 

Biochar Initiative, 2015a). Together, these amendments increase the abundance and activity of 

nitrogen-transforming microbes and their corresponding functional genes, which drive the 

nitrogen cycle and improve sustainable crop growth. Therefore, the amendment KR5 has 

improved the soil microbial ecology, which has enhanced the nutrient availability in the sandy, 

loam soils, thereby improving plant growth and yield. 

Research shows biochar can promote nitrifying and nitrogen-fixing bacteria, enhancing 

nitrogen retention and availability. Investigating biochar interactions with specific nitrogen-

fixing taxa could reveal targeted strategies to optimize soil fertility and sustainable nutrient 

management (Zhang et al., 2023). 

4.4. Growth and Yield Parameters 

The highest yield observed in the KR5 treatment across both seasons highlights the 

positive effect of combining biochar and poultry manure on soil fertility and crop productivity. 

This combination appears to support both immediate nutrient availability and improvements in 

soil health indicators, suggesting potential benefits for soil quality over time. Biochar enhances 

the soil structure by improving porosity, cation exchange capacity, water retention, and 

reducing nutrient leaching (Yoo et al., 2014; Zaid et al., 2021), whereas poultry manure supplies 

require macronutrients such as nitrogen, phosphorus, and potassium; in our study, the 
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combination of both biochar and poultry manure has shown a significant increase in plant 

height and yield. Furthermore, the presence of biochar facilitates the proliferation of microbes 

by providing a habitat for soil bacteria, whereas poultry manure acts as a substrate, driving 

microbial activity (Bolan et al., 2023), the SEM analysis of our study in the KR5 has clearly 

indicated the presence of porosity which determines the active colonization of bacteria for the 

better growth and yield of the Amaranthus cruentus crop. The study was further justified with 

the metagenomic analysis, where the diverse, abundant microbial communities, like 

Proteobacteria, Firmicutes, Actinobacteria, and Chloroflexi, played an instrumental role in 

nitrogen fixation, nitrification, and organic matter decomposition, where nitrogen plays a key 

role in plant growth and yield. Even the Pearson correlation coefficient has also shown a 

significant positive correlation between nitrogen and Proteobacteria and Firmicutes 

(r=0.9123), which clearly indicates that the presence of bacteria traps the atmospheric nitrogen 

to retain and promote bacterial diversity (Figure 12).  

 

 

Figure 12: Illustrates the Pearson Correlation among the physical, chemical, and bacterial 

abundance. 

 

Biochar produced from poultry manure or woody materials has also demonstrated significant 

enhancements in soil physical properties, water holding capacity, and nutrient retention in 

sandy and sandy loam soils. Studies show poultry manure-derived biochar can increase organic 

carbon 1.75 times more than raw poultry manure and improve physical and chemical properties 

of the soil (Mohamed & Hammam, 2019). Although feedstock-specific differences can affect 
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biochar performance, the improvements seen with Syzygium cumini biochar are consistent with 

those reported for other biochar types in sandy soils (Rip et al., 2025). Enhancements in 

microbial activity, nutrient cycling, and moisture retention align closely with known benefits 

from biochar combined with poultry manure, whether derived from poultry manure biochar, 

wood, or agricultural residues. Thus, while Syzygium cumini biochar shows strong positive 

effects, these are not unique but reflect the general efficacy of biochar manure mixtures in 

improving sandy loam soils and supporting plant growth. 

While poultry manure and biochar improve soil fertility and crop productivity, limitations 

include potential nutrient imbalances, variable nutrient release rates, and risk of excess 

application leading to soil pH changes or nutrient leaching. Biochar production costs and 

variability in feedstock quality may hinder consistent results. Poultry manure can introduce 

pathogens or heavy metals if not properly processed. Also, biochar’s benefits may plateau over 

time, necessitating monitoring and integration with complementary soil practices for sustained 

fertility and environmental safety (Agbede et al., 2024). 

 

5. Conclusions and Future Recommendations 

The study revealed the transformative impact of organic treatments, particularly the 

combination of biochar and poultry manure (KR5), on increasing sandy loam soils' physical, 

chemical, and biological properties. The application of manures has significantly reduced soil 

bulk density and improved water holding capacity, with KR5 showcasing the most among the 

other treatments in Rabi and Kharif, respectively. This could be due to enhanced porosity and 

soil structure provided by the biochar, which maintained moisture content and supported 

microbial activity. Even in the case of chemical parameters, KR5 has shown consistently 

increased levels of nitrogen, phosphorus, potassium, carbon, and micronutrients such as 

sulphur and hydrogen, which ensured the gradual decomposition of organic matter. The 

oxygen-carbon and hydrogen-carbon ratios in KR5 suggest that proper decomposition and 

nutrient cycling have occurred, which might improve soil fertility. The functional group, 

through FTIR in KR5, showed the presence of nitrogen compounds and carboxylic acids, which 

help retain nutrients and colonize microbes. The bacterial phyla, such as Proteobacteria and 

Firmicutes, can improve the nitrogen fixation and decomposition of organic matter, which was 

found to be higher in KR5. Even plant height and yield have shown higher in KR5. It has been 

clearly understood that the KR5 amendment has emerged as an efficient treatment in improving 

soil quality and yield of the Amaranths cruentus crop. Biochar and poultry manure often cost 

less than synthetic fertilizers, especially in large-scale farming. Poultry manure is a low-cost, 
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locally available organic fertilizer, while biochar, though initially more expensive due to 

production, can be cost-effective long term by enhancing nutrient use efficiency and soil health. 
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